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ABSTRACT
A test was conducted under simulated space conditions to determine
the potential thermal degradation of the ATS-F radiant cooler from any con-
taminants generated by a 0,44-N (0. 1-1bf) hydrazine thruster, The radiant
cooler, a 0. 44-N (0. 1 -lbf) hydrazine engine, and an aluminum plate simulating
the satellite interface were assembled to simulate their flight configuration.
The cooler was provided with platinum sensors for measuring temperature,
and its surfaces were instrumented with six quartz crystal microbalance
units (QCM) to measure contaminant mass deposits. The complete assembly
was tested in the molecular sink vacuum facility (Molsink) at the Jet Propul-
sion Laboratory, This was the first time that a radiant cooler and a hydra
zine engine were tested together in a very-high-vacuum space simulator, and
this test was the first successful measurement of detectable deposits from
hydrazine rocket engine plumes in a high vacuum. The engine was subjected
to an accelerated duty cycle of 1 pulse/min, and after 2h of operation, the
QCMs began to shift in frequency. The tests continued for several days and,
although there was considerable activity in the QCMs, the cooler never
experienced thermal degradation. Identification of the contaminants had not
been completed at the time of this writing, but when the temperature of the
radiant cooler surface is factored in (greater than 150 K) certain species of
gases are immediately eliminated from consideration. Included among the
remaining candidates are water, unreacted hydrazine, and ammonium
hydrates.
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I. INTRODUCTION AND SUMMARY
As a result of trends toward lower-thrust monopropellant engines and
an increase of sophistication in spacecraft instrumentation, there is a grow-
ing interest in the effects that the thruster effluent may have on sensitive sur-
faces. For unmanned missions, the rocket exhaust materials could account
for most of the rarified "cloud" that surrounds the spacecraft. The exhaust
products from the attitude propulsion subsystem (APS) are of specific interest
because of thrusters located at various points on the spacecraft. The APS
engi.^r,; ;ire fired at frequent, discrete intervals throughout an entire mission,
znc st;me sensitive areas of the spacecraft are unavoidably immersed in their
plumes.
Different satellites have experienced anomalies (e.g., USAF Model 35,
NASA Nimbus lI and III) that may have been caused by plume impingement
effects. These questions have led the NASA Goddard Space Flight Center
(GSFC) to assess the effect of the possible APS plume contamination of an
infrared sensor radiant cooler. A cooler of this design is to be installed
aboard the ATS-F satellite and located in the proximity of a small APS hydra-
zine thruster. A potential thermal degradation of the cooler could be caused
by contaminant deposits on the low-emissivity surface of the cooler's first
stage. The physics of such a process is very difficult to model theoretically
at the present state of the art, and therefore a space simulation experiment
was envisioned that could, within certain restrictions, provide information
relevant to the behavior of the cooler in flight.
r
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Considering the fact that both space radiation and a high vacuum
environment must be simulated, a very special space simulator with a
negligible recirculation effect had to be used for such a test.
The JPL Molecular Sink Facility (Molsink), for reasons to be
described later, was selected. The radiant cooler, along with an aluminum
plate simulating the spacecraft interface and a 0.44-N (0. 1-lbf) hydrazine
engine, were assembled to approximate the flight configuration. The
radiant cooler was provided with platinum sensors for measuring tempera-
ture, and its surface was instrumented with six quartz crystal microbalance
(QCM) units. A QCM is essentially an oscillator for which the resonance
frequency is controlled by the piezoelectric effect of a quartz crystal. Under
certain conditions, one can design the oscillator such that the frequency
depends only on the mass of the crystal (including surface deposits), thus
providing a means of measuring very small mass deposits.
The entire assembly was tested inside the Molsink, this being the
first time that a radiant cooler and a hydrazine engine were tested together
in a high-vacuum simulator. The engine was sabjected to an accelerated
duty cycle of 1 pulse/min, and after 2 h of operation, the QCMs began to
shift in frequency, indicating that they were sensing mass deposits. The
test continued for several days and, although there was considerable QCM
activity, the cooler never experienced thermal degradation.
Although complete identification of the contaminants was not deter-
mined, when the crystal surface temperature was considered (greater than
150 K), species of gases with lower condensation points were immediately
eliminated. Included among the remaining candidates are water, unreacted
hydrazine, ammonium hydrates, and methane. This test was the first
successful measurement of detectable deposits from hydrazine rocket
engine plumes in high vacuum.
II. OBJECTIVES	 t
The objectives of the experiment were:
(1)	 To determine whether the hydrazine thruster exhaust products
will contaminate the cooler surfaces and cause the cooler to
warm up.
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(2) Tr determine, if the cooler does warm up, whether the stage
heaters can remove the contamination by evaporation and restore
the cooler to its normal temperature.
(3) To determine the anticipated heater duty cycle (if required for
evaporation of contaminants) for the ATS-F thruster duty cycle.
(4) To determine the amount of exhaust products condensing on
the cooler per thruster firing and the equivalent cooler tem-
perature rise for the first firing duty cycle that shows degrada-
tion on cooler performance.
(5) To force contamination of the cooler with a jet of steam situated
so as to "guarantee cooler contamination" and to observe the
cooler response.
III. MOLSINK FACILITY
For a proper evaluation of the experiment and a deeper insight into
the discussion of results, a general understanding of the Molsink facility
and its working principles is necessary. The Molsink is an ultrahigh-vacuum
facility which consists of three concentric chambers (see Fig, la). The
innermost chamber is a sphere approximately 3 m (10 ft) in diameter, main-
tained at a temperature between 10 and 15 K with gaseous helium. The
aluminum Moltrap walls are wedge-shaped, resembling an anechoic chamber,
with a total surface area of approximately 186 m 2 (2000 ft 2 ) (see Fig. lb).
The chamber walls are also coated with titanium, which acts as a "getter"
material to trap helium and hydrogen that are not cryopumped by the 10 K
surfaces. The amount of helium and hydrogen that can be pumped is greatly
increased by coating the walls with a frost of a gas that has a relatively high
melting point. Under this condition, the frost cryosorbs helium and hydro-
gen at a very high rate. Carbon dioxide has been used routinely for such
purposes in Molsink operations. Since, in general, only a molecular layer
of hydrogen is cryosorbed by a frost molecular layer, a continuous bleeding
of carbon dioxide is necessary if hydrogen is being periodically injected into
the vacuum chamber.
The behavior of a rocket plume in the Molsink can be described by
comparing the flow field both in space and inside the chamber (see Figs. 2a
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and 2b). The rocket exhaust in space expands freely in an almost radial
flow (Fig. 2a). If a hypothetical perfect sink surface enclosed such a plume
(Fig. 2b), the flow field enclosed by such a surface would be identical to
one experienced in space. This is the working principle of the Molsink
chamber. However, since the walls of the chamber are not perfect sinks,
a small molecular reflection occurs. This reflection results in a recircula-
tion effect that could degrade the space simulation if the reflection coeffi-
cient were allowed to grow. The molecular trapping is very effective for
gases other than hydrogen and helium. For these two gases, the cryosorption
rate is highly dependent on the wall temperature, and therefore any process
that affects the wall temperature will result in a variation of the chamber
background pressure once hydrogen has been injected into the chamber.
During Molsink testing operations, a cryogenic environment exists
inside the chamber. In order to operate the hardware inside the chamber,
thermal control is necessary for items such as propellant lines and valves
that are sensitive to freezing, These warm surfaces are protected from
radiation cooling losses by appropriate shielding, and the heat conduction
losses are negligible if low pressure is maintained inside the chamber, If,
for some reason, the hydrogen sorption onto the wall is diminished, any addi-
tional hydrogen injected into the chamber will reduce the vacuum, resulting
in an increase in heat conduction losses. This causes an additional warming
of the walls, which results in more hydrogen desorption. This phenomenon
has an exponential growth and results in the rapid desorption_of hydrogen
from the walls occurring within a matter of seconds; it will be referred to
hereafter as the "avalanche effect."
The Molsink has two doors. The upper door is used as a feedthrough
for the propulsion system lines and thermal controls, The signal lines from
the various sensors inside the chamber are fed through the lower door. The
bottom door temperature was maintained around 100 K. Special cautions are
necessary for experiments where cold space simulation is required. For
the particular tests involved in this effort, an aluminum foil was placed about
71 cm (28 in. ) above the doors. The foil, with its top side sprayed with a
low-outgassing black paint, was clamped at the lower part of the molecular
trap. In this manner, two cavities were radiatively decoupled, one at 10 K
(cold space) and the other (the space between the aluminum foil and the lower
i
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door) at 100 K. For a general perspective of the way the systems were
arranged inside the chamber, see Fig. 3. Greater details on this figure
will be given in a later section, and more information about the Molsink
facility can be found in Refs. 1-3.
IV. PROPULSION SYSTEM
A. Simulation of Engine Conditions
In order to more closely simulate the actual ATS-F flight conditions
and still accomplish the test in a timely and expeditious manner, a Rocket
Research 0.44-N (0. 1-lbf) thruster/valve assembly that had been purchased
for an earlier JPL test program was made available for this experiment.
The thruster, Rocket Research MR-74, SIN 02, has the characteristics
listed in Table 1. The valve is a Moog in-line solenoid with a soft (Teflon)
seat. Its characteristics are presented in Table 2, Flow control was
accomplished by an all-titanium, three-stage Lee Company Viscojet. (A
Viscojet is typically available with one to five stages, depending on the
required pressure drop, AP).
Since the thruster had been obtained for an earlier test program, it
had already undergone a limited test series prior to its committal to the
Molsink. The thruster/valve assembly had been subjected to a complete
Thermoelectric Outer Planets Spacecraft (TOPS) vibration duty cycle
(similar to a Mariner-Mars 1971 duty cycle), which includes a simulation
i
of la,Anch conditions, In addition to the vibration tests, it had also experi-
enced 100, 000 starts at an average initial temperature of 110°C (230°h)
with approximately 0. 01 second on-time. Therefore, at the time of the
Molsink tests, the thruster was more representative of one that had been
launched aboard a spacecraft, had executed reference acquisition, and had
operated for some time in the limit cycle mode,
B. Subsystems
r
The engine and the valve were instrumented with several thermo-
couples and a coiled electrical heater. With this arrangement, thermal
control of the engine catalytic bed could be maintained, while temperature
readings of the throat, chamber, and other locations of interest on the
JPL Technical Memorandum 33-592	 5
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thruster/valve assembly could be obtained. A view of the engine, valve,
Viscojet, and their instrumentation in an early phase can be seen in Fig. 4.
A schematic diagram of the portions of the propulsion subsystem that were
located inside the chamber is shown in Fig. 5. The fuel was introduced
through Valve VF3, filling both lines with hydrazine from the solenoid valve
to the check valve. The line containing the valve VN1 and the check valve
was used as a gaseous nitrogen purge. Both the fuel and purge lines were
o.	 packaged together with the carbon dioxide injection line (not shown in the
figure) and shared the same thermal environment. This environment was
controlled by a series of thermocouples distributed along the lines. The
thermocouples controlled several low-outgassing Kapton film heaters manu-
factured by Electrofilm, Inc. I (see Figs. 6 and 7). The same type of heaters,
as well as additional spot heaters, were used to thermally control the
Viscoj et / thruster /valve assembly described earlier ( see Fig. 8).
s^.
r•
G	 "
The propulsion system was operated in a blowdown mode. The pro-
pellant feed module was located at the top of the Molsink chamber near the
upper door (see Fig. 9), and the operations were commanded by .remote con-
trol from the lower floor of the facility, after the propellant tank was pres-
surized. The remote controller, as well as the valve drivers and timer,
is shown in Fig. 10. A schematic diagram of the propellant feed module,
fuel and purge lines, and hydrazine valving system is given in Fig. 11.
Details of the propulsion system operations are not presented in this report,
but it should be emphasized that during the performance of a short off-time
duty cycle, a small quantity of carbon dioxide must be injected into the cham-
ber; hence a small, automatic injection system was devised to cope with the
different engine duty cycles.
Although this was the first time that a monopropellant hydrazine
thruster was fired in such a high vacuum simulator, all propulsion systems
functioned nominally during the entire operation, and no further details are
considered necessary for this report.
1 7116 Laurel Canyon Blvd., North Hollywood, California.
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V. INSTRUMENTATION
One very important objective of the test was to monitor mass deposits
on the sensitive surfaces of the radiant cooler. Since only traces of contami-
nants were expected, microbalance techniques were neo, r ,ary for mass
deposit detection. Quartz crystal microbalances (QCM) ave been success-
fully used at JPL during the past several years. Becat..e of the particular
characteristics of this experiment, a special type of mounting and tempera-
ture compensation was adopted.
A. QCM Working Principles
A QCM consists of. an electronic oscillator whose resonance frequency
is stabilized by the piezoelectric effect of a quartz crystal. The resulting
resonance frequency depends on several parameters, but if one fixes the
oscillator circuit constants and polarization voltages, the specific modes
of crystal. vibration will depend only on the orientation:  of the cut plate with
respect to the crystal axes. For QCMs, the AT cut is used, which yields,
"	 among others, a thickness vibration resonant mode of about 5 MHz. Depend-
'	 ing on the angle of the AT cut, the precise resonance frequencies will depend
both on the mass deposited on the surface of the crystal and the temperature.
If the crystal experiences a variation in temperature AT and a mass
variation AM, the frequency shift can be expressed as
Af = CM AM + C T AT
where CM and C T are the mass coefficient and temperature coefficient of
the crystal, respectively.
In general, CM and C T depend on the temperature and cut angles of
the crystals. If a cut angle is chosen such that C T = 0 for some range of
temperature, the Af = C M AM and the crystal can be used as a delicate
microbalance to detect and measure small masses deposited on the surface.
It turns out that for a considerable change in temperature and cut angle, the
mass coefficient does not vary more than 5%, and one can use the expression
OM = ;2 4.30 X 10 -77
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pfor all practical purposes, where AM = mass deposits in g/cm 2 , Af =
frequency shift in Hz, and F  = resonant frequency in MHz.
An illustration of the crystal, along with the location of one of the
electrodes and the thickness vibration mode, can be seen in Fig. 12. For
an elementary treatment of the crystal oscillators, as well as crystal
nomenclature, one can consult any standard electronics textbook (Ref. 4).
An accounting of microbalance applications can be found in Refs. 5-11.
B.	 Temperature Compensation
As indicated in the last paragraph, in order to correlate the mass
deposits with the frequency shift, it is necessary to select a crystal cut that
makes C T
 = 0 for the anticipated temperature variation range. Although this
is obtainable for some applications, in most cases the frequency spectrum
of the crystal becomes so complicated that the interpretation of the readings
is very difficult, if not confusing. Bartera (Ref. 12) has designed a particular
arrangement that within its simplicity provides a very efficient temperature
compensation (see Fig. 13).
Consider two crystals, No. 1 and No. 2, both exposed to mass deposit
and temperature variation. The corresponding change in frequency can be
written as
Aft = CM AM  + C T AT 
	
1	 1
(1)
Aft = CM am  + C T AT 
	
2	 Z
If both crystals have idene cal piezoelectric properties and are kept at the
same temperature, then
	
C
M1 
= CM2 1 C,I 1
	
= C Z 21 and AT 1 = AT 	 (2)
Subtracting Eqs. (1) and taking Eqs. (2) into account, we have
AF = Af1 - Af2 = CM
 (AM 1 - am 2 )1
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and if one of the crystals is protected from mass deposits in such a way that
AM2 = 0, we then have
AF = C M am 
1
that is, the beat frequency shift aF of both crystals can be easily correlated
with the mass deposits on one of them. For the conditions just described
where T I = T 2 , identical piezoelectric constants and AM  = 0 can be achieved
if one adopts the arrangement described in Fig. 13. A doublet crystal plate
is cut and polished. Gold electrodes are deposited on one side, in the form
indicated by the figure, while a rectangular electrode which is common to
both parts of the doublet is used on the other side. Under these conditions,
and if one drives the crystals at a low voltage, one can have two independent
crystal oscillators. By protecting one of them from mass deposit with a
screen that is optically thin to the environment radiation, the beat frequency
shift of both crystals can be expressed as
aF = C M
 am 
1
as was desired.
VI. THE ATS-F RADIANT COOLER AND ITS THERMAL AND
QCM INSTRUMENTATION
The ATS-F cooler is a two-stage, rectangular cone with a sun shield
(see Fig. 14). Its purpose is to cool an infrared semiconductor sensor to
100 K and maintain this temperature for the life of the experiment. The
cooler I s first stage is an asymmetric cone with a high-emissivity radiator
located at the apex of the sun shield. The second stage, or "cold patch, "
is a rectangular radiator located at the apex of the first-stage cone. The
second stage is isolated from the warm surroundings by the low-emissivity
cone in the front and by a low-emissivity cold surface in the rear, radia-
tively coupled to a similar first-stage surface. The high-emissivity front
surface radiating to cold space cools the second stage to roughly 100 K,
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while the first stage radiator cools that stage to about 170 K. Any contam-
ination which interferes with the radiative properties of any of thz surfaces
mentioned can change the radiative coupling between the stages or their
surroundings and will cause the cooler to increase in temperature.
The cooler is provided with two heaters. One is located on the cold
patch, while the other is on the first-stage surface. If contamination should
cause the cooler to warm up, the heater output would be increased with the
intent of evaporating the contaminants to restore the cooler surface to
normal temperatures once the heaters were turned off. The surfaces of
the cooler are provided with three platinum sensors. One is installed on
the cold patch, a second is located on the first-stage cone near the first-
stage radiator, while a third is on the same cone but near the cold patch.
Calibration tables of the platinum temperature sensors were available
from the manufacturer, and readings of the resistances were performed
by the circuits depicted in Fig. 15. The terminals of the sensors were
brought out of the chamber and connected in series. A resistor of 100 kQ
was connected in series with the three sensors and a constant-voltage
source. In this manner the resistance of sensor i was determined by
R  = (Vi/V)R.
Except for the presence of the molecular cold trap, the cooler had to
have minimal obstructions in the field of view. This was the reason for
covering the bottom door with the aluminum foil, as described earlier. This
constraint forced the development of a delicate, miniature QCM mounting
for the flat surfaces.
Six temperature-compensated QCM units were mounted on the cooler.
Each QCM unit consisted of a doublet, 2 as described in Section V, two
oscillators, and one mixer. The entire electronics package was condensed
into a commercially available chip 3
 and a schematic diagram of the circuitry
can be seen in Fig. 16. The chip was small enough to be hidden under the
crystal. Both the chip and the crystal were mounted with silver epoxy on
2 Monitor Products, 815 Fremont Ave., South Pasadena, California.
3 Celesco Industry, 3333 Harbor Blvd., Costa Mesa, California.
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an elastic and thermally conductive structure. With this installation the
thermal stresses were absorbed, and a good isothermal conductivity was
established between the crystal and the cooler surfaces.
Details of the assembled unit without the wiring or mass shielding
can be seen in Fig. 17a, where a unit is mounted on the mirror surface of
the sun shield. The reflection on the mirror provides a view of the lower
side. Another view of a different unit mounted on the first-stage radiator,
along with a transparent Mylar mass shield and some wiring, is seen in
Figs. 17b and 17c. Since the wiring is so extremely thin, the surface of the
cooler is perturbed only slightly with this specific arrangement. The crystal
locations and identifications in the cooler, as well as a general schematic
diagram of the tested package, can be seen in Fig. 18. Three of the QCM
units were mounted in the first-stage radiator, and three more in the inne-
side of the sun shield.
The mirror surface of the sun shield is aluminum, and in order to
imitate the sticking coefficient, the exposed part of the doublet was coated
n•
	
	 with aluminum by a process of vacuum aluminum vapor deposition. Each
QCM ground was kept floating and terminated outside the chamber. All
cooler wiring was collected in a bundle, which was wrapped with several
layers of Mylar and attached to the shroud walls through a Teflon bracket.
In this manner, the heat leak from the cooler to the Molsink walls would
be minimal.
Details of the wiring and QCM locations can be seen in Figs. 19a and
19b. One of the unknowns of the experiment was whether the radiant cooler
would reach the nominal equilibrium temperatures after being perturbed by
the QCM unit installations. Although not shown in the figures, the grounds
from the QCM units installed on the first-stage radiator and later collected
at the sun shield could act as a thermal path and cause the first stage to
warm up. As will be seen later, this did not occur, and the entire unit
experienced negligible thermal radiation perturbations.
VII. GENERAL ASSEMBLY OF THE PACKAGE
The radiant cooler, the thruster and satellite segment ,, and their
relative positions in flight configuration, as depicted in Fig. 14, were
JPL Technical Memorandum 33-592	 11
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simulated at full scale by the arrangement shown in Fig. 18. The segment
of the satellite that could have any effect on the thruster plume was mocked
up to full scale by an aluminum plate and two aluminum panels. See Fig. 20a
(front view) and Fig. 20b (mock-tip rear). The cooler was suspended from
the plate by four bolts. Each bolt was thermally controlled with a low-
outgassing ceramic heater and a thermocouple, which would thus provide a
thermal control of the housing, similar to the in-flight condition. A detail
of the heater and its mounting on the plate, as well as on the control
thermocouple, can be seen in Fig. 20c.
The whole package was inserted into the Molsink chamber and placed
in a position such that the axis of the thruster and its plume coincided with
the axis of the chamber. The plate_ was placed horizontally at approximately
2 m (6. h ft) above the aluminum foil at the bottom of the chamber (see
Fig. 3). The plate was suspended and fixed to the molecular trap by several
thermally insulated turnbuckles. All the wiring and fuel lines, as well as
most of the warm surfaces, were shielded with aluminized Mylar. Maxi-
mum thermal isolation was utilized for all components to minimize the heat
leaks to the walls. Details of the general arrangement can be seen in the
photographs in Figs. 21a and b and 22a and b. These photographs were
taken shortly before closing the chamber.
VIII. TEST PROCEDURES
The system heaters were activated before the chamber was closed
and evacuated. The facility is equipped with both a mechanical pump and a
diffusion pump. The mechanical pump brings the vacuum to 1. 33 X 10-1
N/m 2 (10 3 torr) and the diffusion pump continues it to 1.33 X 10 -3 N/m2
-5(10 torr) during nominal operations. The systems were maintained for
1 day with the heaters on and the chamber at 1.33 X 10 -2 N/m 2 (10 -4 tore)
and room temperature. A small amount of gaseous nitrogen was continuously
L
bled into the chamber, providing the systems with a 24 h baking period and
a continual purging of the corresponding outgassing. At the end of that per-
iod, liquid nitrogen was introduced into the inner liner of the chamber; this
brought the temperature of the inner liner and molecular trap to 80 K at the
end of another 24 h. The pumps and the gaseous nitrogen bleeding were still
JPL Technical Memorandum 33-592	 j
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in progress. The vacuum pressure was 1, 33 X 10 -3 N/m 2 (10 -5 torr). By
this time, the systennns had been outgassed for 48 h, and the helium system
was turned on. The gaseous nitrogen injections were stopped. The chamber
then reached 10 K and 1.33 X 10 -7 N/m 2 (10 -9 torr) pressure at the end of
8 h. At this point, the system heaters were set at nominal temperatures, as
shown in Table 3, and the cooler heaters were turned off. Details of the test
itself are described in Section IX.
I
IX. RESULTS
A.	 Data Acquisition System
1. DC signals. Signals from the thermocouples and the platinum
sensors were fed into a cross-bar switch and then into a digital
voltmeter (DVM). The digitized signal then entered a Hewlett-
Packard Data Acquisition System.
2. AC signals. The signal was input in`o an Rr relay which is
controlled by the same cross-bar switch used for the do signals,
and the actual readings were made with a fixed delay to avoid
the noise from the relay closure. The signal was cleaned by a 	 ,
low-pass filter, and then digitized by a programmable counter.
Once the signal was digitized, it was fed into the data systems
in the same manner as were the digitized do signals.
B.	 Log of Operations	 ii
Data from all the thermocouples are available, but only the readings
from the cooler thermal sensors and the QCMs will be shown. The data
will be presented by calendar days overlapping for 8 h, i. e. , from 0000 h
to 0800 h of the following day.
The QCM output has been arranged in such a manner that a decrease
in beat frequency corresponds to mass deposit on the crystal. The frequency
shift is expressed in Hz and an approximate equivalence between Hz and
molecular layers for several frosts is given in Table 4. The table has
been constructed by assuming a 0.3-nm (3A) separation between molecules
and applying the equation for AM given in Section V-A.
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IAugust 11, 1972. The chamber was closed. The system heaters were
activated and the mechanical pump started at 1400 h. The diffusion pump
was operated at 1530, and at the same time liquid nitrogen was introduced
into the inner liner, initiating the chilldown of the rhambor. A small amount
,
	 of gaseous nitrogen was being uses" continuously for purging purposes.
August 12, 197Z. The systems were maintained at the same settings
aw the day before. The temperature of the chamber walls was down to 80 K,
and th pressure of the cha^xber reached and was maintained at 1.33 X 10-Z
N/m2 (10 -4 torr). A record of the radiant cooler temperatures can be seen
in Fig. 23, althrnigh the cold patch temperature is not shown because of
being out of calibration range. headings on the cooler and the QCMs were
not taken beyond 2100 h.
August 13, 1972, The heaters on the radiant cooler were turned off
at 1400 h, and the system heaters were put under dynamic temperature con-
trol to maintain nominal temperatures (see Table 3). The helium refrigera-
tor was started at 1415 h and the cooler temperature was recorded at the
intervals indicated in Fig. 24.
a•
	
	 August 14, 1972. The Molsink walls reached about 10 K at approxi-
mately 0100 h. The record of the ATS-F cooler temperatures is given in
Fig. 25. The remaining systems were kept at steady state, while the
Molsink background pressure was maintained less than 1. 33 X 10 -7 N/m2
(10 -9
 torr). The QCM readings can be seen in Figs. 26a and 26b, although
some uncertainties pertaining to the signals observed from the radiant
cooler QCMs are suspected of being attributable to noise, so much so that
the signal of Crystal 6 is not shown because ct the difficulty in rr..ading it.
August 15, 1972. The thermal control of the propellant lines and the
carbon dioxide injection system was verified at 1100 h. The propulsion
system was ready for the priming operation which began at 1450 h. The
gaseous nitrogen present in the lines from the solenoid valve to the Molsink
chamber feed-throughs was evacuated through the thruster by cycling the
thruster valve. Because of the required in-place installations, the lines
from the chamber feed-throughs to the propellant tank were filled with
air. They were evacuated at approximately 1600 h, and a bigger rise in
pressure was observed by the vacuum ionization gauge as the residual
hydrazine vapors flowed through the thruster catalytic bed.
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After a few minutes of Molsink vacuum in the fuel lines, the thruster
valve was closed and the priming operation was begun by pressurizing the
propulsion system and opening the propellant tank to approximately 2. 4 X 105
N/tn2 (35 psia) and opening the propellant isolation valve. The thruster valve
was operated several times, both manually and automatically, to ensure a
hard prime. After several pulses, the propellant tank pressure was
increased to 2.7 X 10 6
 N/m2 (400 psia), which was required to generate the
0.44-N (0. 1-lbf) thrust. The thruster valve was then subjected to a series
of pulses which, because of the presence of hydrogen, caused an increase in
the Molsink pressure. The original vacuum was promptly recovered by
injecting carbon dioxide. Nevertheless, and because of the residual hydrogen
present in the chamber, the background pressure remained about 1. 33 X 10-5
N/m2 (10 -7 torr) for most of the experiment. At 1845 h, the pulsing was
stopped and the system was secured. About 20 pulses occurred during the
priming operation.
The recordings of the radiant cooler temperatures are depicted in
Fig. 27 and the sun shield QCM readings in Fig. 28. The cooler first-stage
QCM readings are not shown because of a noisy signal modulation developed
at the low-pass filter. One can see that the cooler experienced some ther-
mal perturbation during the priming operation and that the surface tem-
peratures were stabilized to within a couple of degrees after priming was
terminated. The QCMs on the sun shield were still outgassing slightly and/or
accepting mass before the priming. A considerable mass deposit and
evaporation tools place during primir for a, short period of time. However,
at the end of the operation, the QCMs were stabilized at a frequency slightly
less than before, primarily for crystals 3 and 5. The other QCMs are not
shown; but in spite of the noisy signals, one could observe a definite mass
deposit during priming.
August 16, 1972. The systems were maintained at steady state until
1020 h. At that time the thruster was activated, and it was fired at a rate
of one 200-ms pulse every minute. For this duty cycle, the temperature of
the thruster shifted from 149 °C (300 °F) to 371 °C (700 °F), about which it
stabilized. The radiant cooler temperature can be seen in Fig. 29 and the
QCM readings in Figs. 30a and b. The signals of QCMs 4 and 6 are not
JPL Technical Memorandum 33-592
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1shown. The output from QCM 2 was acquired by a redundant data system
consisting of a counter and a strip recorder. One can see that the crystal
- q accepted a significant amount of mass. Two of the crystals on the sun
shield reacted to the thruster operation almost instantly. The other on the	 I
sun shield and the one on the cooler took about 2 h to indicate any mass	 I
acceptance. To the best of our knowledge, the discrete variations of
frequency observed in the figures are not correlated with any Molsink opera-
tion. The decrease in cooler temperature after the thruster was startedI
will be discussed later.
During thruster operation, injections of small amounts of carbon
dioxide were necessary to maintain the chamber background pressure around
l	 1.33 X 10 -4
 N/m2 (10 -6 torr). The thruster was shut off around 2230 h; by
that time, it had undergone about 790 pulses. About 30 min after the thruster
operation was discon*inued, the sun shield crystals altered their output
pattern. Some mass evaporated from some of them while others main-
tained a steady signal output.
August 17, 1972. The cooler temperatures and all of the QCM readings
were recorded on a redundant data system (see Figs. 31 and 32a and b). The
thruster began firing at 0835 h, at a duty cycle of one 200-ms pulse per
minute. At 1155 h, it was shut off to stabilize the background pressure
from 5.0 X 10 -3
 N/m2 (4 X 10 -6 torr) to 1.4 X 10 -3 N/m2 (1.2 X 10 -6 torr).
An automatic carbon dioxide injection system was installed, and the thruster
`
	
	 was restarted at 1256 h. At 1441 h, the thruster was shut off to adjust a
malfunction of the carbon dioxide injection system. At 1526 h, the thruster
W,	 was .reactivated at the same duty cycle.
At 1802 h, an avalanche of hydrogen outgassing from the chamber
i
wall took place, caused by a deficiency in carbon dioxide cryosorption. The
helium refrigerator was stopped long enough for the hydrogen to be pumped
out by the mechanical pump, after which it was restarted. At 1928 h, the
chamber conditions were back to nominal and the thruster was restarted at
the same duty cycle, where it remained at that setting until 2340 h, at which time
the systems were turned off and secured to steady state. Note the increasing
temperature of the radiant cooler caused by the increase in pressure of the
r	 chamber with the corresponding increase in thermal conductivity of the
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background gases. Observe that during the hydrogen avalanche, the QCMs
experienced a spike, but the output from the ones located on the sun shield
are inverted with respect to that of the ones on the cooler. Note also that
prior to the avalanche, the QCMs were detecting w slight mass deposit
during thruster operation, although not so intense as the previous change.
During this day, the thruster experienced 713 pulses.
August 18, 1972. The thruster began firing at 0858 h at a duty cycle
of one 200-ms pulse every 2 inin until 1307 h, at which time the duty cycle was
restored to 1 pulse/min. At 2019 h, the thruster was shut off to allow
carbon dioxide to cryosorb the excess hydrogen, and it was turned on again
at 2100 h. Finally, it was stopped at 2309 h and the propulsion systems
secured. During the entire operation, the temperature of the thruster was
never less than 148. 8'C (300°F).
Figures 33 and 34a and b show the radiant cooler temperatures and
QCM readings for this day. A slight continuous mass deposit was observed
in all the crystals. The sharp variations at 2330 h were observed because
of an avalanche which was intentionally precipitated to desorb and evacuate
hydrogen out of the chamber. The two slope variations of both the radiant
cooler temperatures and QCM readings are caused by the cycling of the cooler
heaters. During this day, the thrusters underwent 680 pulses. When the
heaters were turned off, a mass deposit occurred almost instantaneously
on the cooler crystals.
August 19, 1972. The thruster was set to operate at trains of 25 pulses
of 200 ms spaced 10 s apart, which is the flight duty cycle. The spacing
of the trains of pulses was arbitrarily set. The thruster was started at
1543 h, and 10 pulse trains were initiated. At 1800 h, the thruster was
stopped and steam was injected through the bottom door several times. At
2100 h, the thruster was again operated at the new duty cycle. At 2347 h, the
thruster was stopped and the system was secured.
Figures 35 and 36a and b show the radiant cooler temperatures and the
QCM readings for this day. Observe that both the radiant cooler tempera-
tures and the QCM outputs were still unaffected by the thruster operation.
However, as a result of one of the steam injections, some of the sun shield crystals
1
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accepted mass, although evaporation from the one that was worst affected
occurred within 2 h. The crystals on the cooler did not absorb any mass,
but rather one of them lost a discrete amount, possibly from erosion by the
water pellets. At the end of the day, the thruster had undergone 625 more
pulses.
August 20, 1972. The thruster was activated at 0900 h at a duty cycle
of 12 trains of twenty-five 200-ms pulses spaced 10 s apart. At 1107 h, the
thruster was stopped. At 1114 h, the cooler heaters were energized at
16 V. The voltage was increased to 25 V at 1423 h. At 1425 h, thermal
control of the housing heaters was increased to 37.8°C (100°F), although this
temperature was not reached for another 23 min. At 1527 h, the housing
heaters were turned up to maximum output, but because of radiation losses,
the temperature never exceeded 65.5°C (1500F).
At 2340 h, all the heaters on the radiant cooler and the housing were
de-energized. The temperature readings and QCM outputs are depicted in
Figs. 37 and 38a and b. It should be noted that the slopes ofthe radiantcooler
QCM curves were very responsive to anymanipulation of the cooler heaters, and
the sun shield QCMs were very sensitive to the housing heater operations.
Although a 10-min lag occurred, there was a marked response of all QCMs
and platinum sensors to the OFF condition of the heaters. Signal 1 was
lost from 2400 to 0800 of the next day, probably because of oscillator
malfunctioning.
August 21, 1972. At 0900 h, the housing and the cooler heaters were
turned on. At 1400 h, several bursts of steam were injected into the chamber
as a safety measure to dilute any traces of hydrazine that may have been
present in the chamber. At 1500 h, the refrigerator was turned off and the
flow of liquid nitrogen into the inner liner was stopped. Readings of the
cooler temperatures and QCMs were recorded and are displayed in Figs. 39
and 40a and b.
August 22, 1972. The vacuum puniping equipment to the chamber was
turned off at 0830 h. At 1100 h, chamber purging with gaseous nitrogen was
stopped and the chamber was left undisturbed for several hours. Figures 41
and 42a and b show the cooler temperatures and QCM readings.
1
Y
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August 23, 1972. The chamber back-filling began at 0800 h, and at
approximately 1000 h, the system heaters were turned off. At this point
the chamber was opened and the test terminated. Visual inspection of the
QCMs indicated evidence of chernical attacks and changes in coloration, but
at the time of this writing they had not been analyzed. The record of the
radiant cooler temperatures is shown in Fig. 43.
X. ANALYSIS AND DISCUSSION OF RESULTS
A.	 Analysis
During the evacuation and chill.-down of the Molsink chamber, a
marked outgassing was experienced from all systems. Since outgassing
rates vary as a function of the temperature and the nature of the materials,
it is not unusual to find a relatively poor vacuum near some surfaces after
several days of outgassing. Traces of outgassing, for example, can still
be seen in Figs. 26a and b, as well as in the first 16 h of August 15, 1972
(Fig. 28). Nevertheless, the signals which Figs. 26a and b represent may
also contain some noise from the low-pass filter, as mentioned in Section IX.
41 N
	
	
Care, must be taken in the interpretation of the decay and stabilization
of the radiant cooler temperature during setup operations. The evacuation
with mechanical pumps and the liquid nitrogen chill-down to 80 K took place
with the radiant cooler heaters on and with the housing warm. Only after
1400 h on August 13, 1972, with the housing temperature at 276 K, were the
cooler heaters turned off. Although the helium refrigeration system was
started 15 min later, the wall did not reach 10 K until 0100 h the following
day. Thus, the exponential decay of the cooler temperatures observed
between 1415 h and 0100 h in Fig. 24 is also caused by the Molsink wall
cooling and does not simulate the condition that would exist in space. As
can be seen, the cooler temperatures stabilized, in spite of the presence
of the QCMs, ti alues that were sufficiently close to the predicted flight
values to snake thl:, ltest meaningful.
All the systems were under automatic thermal control during the day
of August 14, 1972, and the only activity in the chamber was the outgassing
of the various systems. The chamber conditions remained relatively constant
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`i	 until 1450 h, when the thruster priming operation began. The coolerj	 temperature variations, as well as the outputs from the sun shield QCM
units, present an interesting pattern worth analyzing. The temperatures
of the first stage experienced a decrease of 3 °C, after the priming operations,
while the cold patch temperature showed oscillations on the order of 1 K and
j	 a net decrease of about 1. 5°C after the priming was completed.
Since the oppos_te results should be expected, the only explanation that
at present seems compatible with the physical constraints imposed on the
i hardware is the fact that the temperature of the sun shield was diminishedby an increase in the heat conductance to the Molsink wall through the cooler
and QCM instrumentation wiring. This increase in conductance could be
caused by carbon dioxide frost deposits on the Teflon wiring insulation
located at the chamber wall as shown in Fig. 22b (Points A and B). At low
temperatures, the conductivity of the carbon dioxide frost is greater than that
of Teflon, and, therefore, a higher heat leak could be expected. This could
explain the net decrease in temperature of the cooler, but could not account
for the cold patch temperature oscillations, since no such oscillations are
observed in the first stage of the cooler.
This anomaly could possibly be caused by an increase in emissivity
of the first-stage cone, resulting from the accretion and evaporation of some
materials during the priming. The cooler QCM readings are not available
for this day, but in Fig. 28 one can see considerable sun shield QCM activity
during the priming interval. Assuming that the sun shield temperature was
probably less than 0°C (no thermal sensors were installed on the sun shield,
but it is quite likely that it was running colder than the housing because of
radiation losses and heat leaks through the wiring), and that the oscillations
seen in the beat frequency of the crystals have periods of about 10-min
duration, one can infer that at least two species of material were arriving
at the crystal surfaces: one species with a high evaporation rate and the
other with a slower rate. Note also that two of these crystals maintained
some mass deposit after the priming was completed. A persistent noise
masked the results of the radiant cooler QCMs, but the average signals
shifted down by several hundred cycles, indicating mass deposits; however,
the lack of reliability of the data systems for QCMs 2, 4, and 6 during this
day prevents making any quantitative conjectures based on such data. The
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oscillations in the cold patch temperature anti the sun shield QCM frequency
occurred after a delay of about 15 min from the beginning of engine priming,
and more than 1 h after the gaseous nitrogen and air evacuation from the
propulsion line.
During August 16, 1972, the sun shield QCMs 1 and 5 accepted mass
as soon as the engine was turned on, as can be seen in Fig. 30a. On the
other hand, the sun shield QCM 3 and the cooler QCM 2, which were
geometrically close, as Fig. 18 shows, did not experience any mass deposits
until approximately 3 h later (Figs. 30a and b).
This apparent anomaly is explainable by assuming the existence of
two different molecular sources for the two groups of crystals. The origin
of these two molecular sources could be speculated by several arguments and
will be discussed later. The loss of the signals from QCMs 4 and 6 handi-
caps any detailed explanation of the peculiar QCM behavior. But, for the
rest of the test, as seen from the radiant cooler QCM signals which were
registered later, all three cooler QCMs behaved similarly. If one extrapo-
lates these data, it appears possible that QCMs 4 and 6 have the same source
of mass flux as QCMs Z and 3.
After the engine was shut off, no variation was observed in the QCM
signals during the first 30 min, but a sudden slope change took place in QCMs
1, 2, and 5 during the following hour: QCM 1 received a considerable
amount of mass, with some subsequent evaporation, while QCM 5, which was
more active during the early hours of the engine operation, at first showed 	 I 1
a sharp mass acceptance, did not experience any mass evaporation, and
stayed constant until the next day. During this period, QCM 3 experienced
a smooth response curve; 2 h after the thruster was stopped, QCM 3
experienced a gentle but increasing evaporation. The QCM 2 on the cooler
instantly lost a discrete mass, although it continued with the same mass-
accepting rate for as long as 10 h.
The physical process involved in the propulsion system shut-down will
not be covered in this report since it is not relevant to the results of this
test program; however, there appears no doubt about the fact that the
thruster operation and the QCM response were correlatable during this
specific day. The cooler again experienced a decrease in temperature hours
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after the thruster operation began.	 The carbon dioxide frost conductance
i explanation given earlier to account for the pseudo-increase in cooler
performance could also be applied here. 	 (A thick carbon dioxide frost
bridged over the Teflon insulation could reduce the sun shield and/or housing
temperature. )	 It should be noted that the temperature continued to decrease
i{ slightly but steadily for the remainder of that day and most of the next one
j (see Figs. 29 and 31).
a jl
The data obtained on August 17, 1972, does not indicate any significant
temperature or QCM variation until the time that the hydrogen avalanche
occurred.
	
At that time, the hydrogen density increased and a rise in
cooler surface temperatures, caused by the increase in gas conductivity
between the housing and cooler, was experienced.
	
The increase in cooler
temperatures was accompanied by a desorption of the cooler QCMs that,
when compared with the sorption of the sun shield QCMs, indicated a burst
of hydrogen from the cooler along the housing and the sun shield.
It should be pointed out that the avalanche effect is a Molsink anomaly,p
and nothing of this nature would occur in space. 	 Once the avalanche had
ceased and the chamber background pressure was back down to 1.33 X 10 -4 N/m2
(10 -6 torr), the radiant cooler temperatures began to go down again.
	
The
S sun shield QCMs outgassed completely to the level at which they were before
the avalanche, and the QCMs on the cooler followed the thermal pattern of
the radiant cooler; i. e. , they seemed to follow a thermal sorption-
desorption cycle.
	 I3owever, the fact that they were sorbing during the
cool-down indicated the e,,.cistence of some frost that had not evaporated
during the avalanche on the surface (see Figs. 31 cnd 32a and b). 	 The
r"r discontinuity of QCM 1 at about 2200 h was caused by an intentional change
in collector polarization voltage of the oscillator, and, therefore, it
should be disregarded.
During the remainder of August 18, 1972, no effect of the thruster
on the radiant cooler temper, , ature or QCMs was observed. 	 The cooler
temperature stabilized at a value very close to the one that existed before
the avalanche of the preceding day.	 The discrete jump in frequency of QCM 2
i could be caused by loss of a particle. Since no subsequent frequency changes
were observed, the thruster was stopped around 2300 h and an avalanche
was intentionally triggered to pump the accumulated hydrogen. 	 At 2400 h,
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the pressure was back to 1.33 X 10 -4 N' /ar t (10 -6 torr), and the radiant
cooler heaters were turned on. No effect front' these heaters was observed
on the sun shield QCM as expected. However, the radiant cooler tempera-
tures and QCM followed the heater changes very closely. Figures 33, 34a,
and 34b indicate that the cooler and sun shield instrumentation response
followed the same pattern as during the previous avalanche. Tire behavior
of the QCMs during the avalanche and the heater manipulations seemed to
confirm the hypothesis of a thermal sorption and desorption cycle.
The same pattern was repeated the following day, August 19, 1972.
The thruster was fired after the temperatures and QCMs were stabilized,
but no effect was observed. The thruster was later shut off, after which
several bursts of water vapor were directed toward the cower from the
bottom door. This had no effect (see Figs. 35, 36a and 36b) on the radiant
cooler temperature. Other than QCM 2, which lost a discrete amount of
mass (possibly by erosion), the cooler QCMs were not affected by the water
injection either. The sun shield QCMs, however, were affected slightly by
the water injection. The mass deposited on QCM 5 was slightly eroded;
QCM 1 received some small amount of mass which remained for as long as
8 Ir. The QCM 3 accepted mass and lost it at two different rates. This
behavior of QCM 3 was similar to the oscillations which occurred during
the earlier priming operations, for which both a high and a low evaporation
rate were observed (see Fig. 28).
By August 2j,! , , 1 1)72, all instrumentation was well stabilized, and the
thruster firing did not alter any of the signals, as can be seen by Figs. 37,
38a, and 38b. A d^l,cision to stop the thruster and attempt a last effort to
evaporate whatever,' contaminants were on the QCM was made, and the
cooler heaters were activated at 16 V. The platinum sensors and the QCMs
reacted instantly to yhis perturbation but, as was anticipated, the sun shield
QCMs remainedundi' turbed. Ahigher voltage (25 V) was applied to the radiant
cooler heaters, andmore power was supplied to the housing, which resulted in
slope variations of th. radiant cooler QCMs and outgassirg of the sun
shield QCMs. Later Increases in''1ousing heater voltage were reflected
in slope changes for a,
	 shield QCM. All the heaters were turned off
after 8 it of outgassing''. and the entire set of QCMs started sorbing back
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hydrogen mass, which required the existence of a sorbing subst. nce that
was not evaporated during the warming period.
The heaters were turned on again the fallowing day, August; 21, 1972,
and the procedures for test termination began. One can see from the
figures that the QCMs still followed the thermal desorption pattern, and that
the water injection during this day affected some QCMs (Figs. 39, 40a, and
40b).
During August 22, 1972, the QCMs steadily lost mass as the chamber
pressure and cooler and sun shield temperatures increased throughout the
remainder of the day. After the refrigerator system was shut off (Figs. 39,
41, and 43), the cooler experienced a very slow warming rate to room tem-
perature. This was primarily the result of the thermal superinsulation of
the Molsink facility and the good isolation of the cooler from the Molsink
walls. The radiant cooler QCMs followed the warming cycle as the tem-
peratures were increased. The fact that the sun shield QCMs generally
followed the same cycle implies that, assuming the validity of the QCM
thermal sorption-desorption hypothesis, the sun shield was actually warming
up and had remained colder than the anticipated 270 K during the tests.
B.	 Discussion
Several observations are inferred from the preceding analysis:
(1) The QCMs registered mass deposits. Temperature variations
did not affect them directly because they were calibrated prior
to the Molsink test from room temperature to liquid nitrogen
temperature, and the frequency did not vary by more than three
cycles per secoiid over this entire temperature range.
(2) The hydrogen sorption and desorption masked the actual con-
taminant mass deposits. The only way to obtain a quantitative
estimate of this effect would be to obtain a calibration as a
function of temperature and sorbing material. Since this calibra-
tion would be expensive and lengthy, it was beyond the scope of
this test. Thus, one must assume that the sorption/desorption
process observed in the test was monomolecular. In other
words, one molecular layer of hydrogen saturates the surface,
and further sorption requires another frost-molecular layer.
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1(3) The cooler performance was not degraded, although sonic mass
had been deposited. Nevertheless, the continuous conductive
heat leak to the Molsink wall, and the fact that the sun shield was
running cold, may have prevented such thermal degradation.
(4) The nature of the observed contaminants (deposits) is still
uncertain. For the temperatures registered at the cooler, the
gases carbon dioxide, hydrogen, nitrogen, and ammonia have
very high evaporation rates. The water deposited on the QCMs
during injection should have been evaporated after the many
hours of radiant cooler warming, since even at 150 K, water
sublimates at a fairly high rate (10 `8 g/cm2 /s, or on the order
of one molecular layer every second). The other alternative is
that some unknown materials coming from the thruster or
possibly from the outgassing of the entire test assembly were
deposited on the QCMs. The frequency oscillations observed
during priming and during the first hours of thruster operation
appear to confirm that the source was indeed the thruster, since
a point was reached where Rirtherfrequency variation did not
occur because of saturation of the frost layer and the lack of its
mechanical coupling to the crystal vibrations.
Among the materials that could be discharged by the thruster as
possible condensables are: water, methane, arnmonium hydrates,
or unreacted hydrazine. Water from the thruster would behave
similarly to the water injected through the chamber door, and
thus does not appear to be a good candidate because of its high
evaporation rate at the temperatures concerned. Methane and
also other hydrocarbons observed in this type of exhaust are
probably the result of decomposition of aniline; they are quite
volatile, but they could form persistent deposits. Moynihan
(Ref. 13) as well as Brill and Stechman (Ref. 14) have found
traces of unreacted hydrazine in steady state operations at 750°C.
This situation could be aggravated if the engine were to run cooler
148°C (300°F), and in a transient (pulsed) mode in a very high
vacuum. Thus, unreacted hydrazine is a reasonable candidate.
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However, no vaporization rate data are available for hydrazine
i
{ at the relatively low temperatures which existed during this test
program.
(5)	 Since the plume has radial flow and the QCMs were shielded from
any direct plume impingement, the only way to experience
engine effluent material is by secondary, molecular emissions
and/or by frost migration. 	 This hypothesis seems to be con-
firmed by the delay in the response of the radiant cooler QCMs
to thruster operations observed, and the prompt response of the
sun shield QCMs during the first thruster operations. 	 A con-
ceptual model that could explain this indirect mass deposition
is depicted in rig. 44: a thin frost or liquid is deposited on the
sun shield; when it reaches the rim it can either migrate into the
cooler, or simply become a molecular source, and send
material toward it.
XI. CONCLUSIONS
Considering the physical boundary conditions of the test, in addition
to the results and their interpretations as discussed earlier, the following
conclusions are offered:
(1)	 The QCM sensors functioned nominally and their .readings were
due only to mass either deposited or lost.
(2)	 The radiant cooler ran slightly warmer than nominal, but the
presence of QCMs mounted on its surfaces did not cause this
sensitive instrument to function significantly off the design
4^	 , conditions.
(3)	 The thruster operation did not thermally degrade the cooler.
' F This fact could be due either to negligible contamination sources
or ,
 to compensating conductive heat leaks from the cooler to
the Molsink wall.
(4)	 The 5 °C temperature drop experienced by the cooler could be
{ caused by an increased thermal conductivity of the cooler
! instrumentation wiring insulation as carbon dioxide and other
frosts were formed on their surfaces.
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(5) The radiant cooler heaters did not have enough power to evaporate
the contaminants of the QCM surface. They were able to raise
the cooler temperature only as high as 240 K.
(6) The sun shield of the cooler seems to play an important role in
the mechanism of cooler contamination, although a proper evalu-
ation of its significance cannot be assessed because of the
absence of thermal instrumentation on its surface.
(7) The QCMs sensed contaminant mass deposition, but not in great
quantities. The nature of the contaminants is not known, but
many gases can be immediately discarded on the basis of high
evaporation rates at the QCM temperatures. For example, at
these test conditions, nitrogen, carbon dioxide, and ammonia
would not condense. Among the remaining possibilities are
water, unreacted hydrazine, and methane. Water and methane
come from propellant impurities and they could be condensed
on the cooler surfaces. However, they have high evaporation
rates at 200 K and could not be present when the cooler heaters
were turned on for 3 h. Unreacted hydrazine could come from
the transients originating in the operation of the thruster at
high vacuum. Very little is known about hydrazine's physical
properties at low temperatures and pressures, and its evapora-
tion rate at 200 K is not available. .Another possibility is that
the contaminants could originate as a result of outgassing of the
various parts of the system. However, if that were the case,
there would not be a correlation between the thruster firing
and the QCM mass deposits during the first day.
(d) More testing is necessary to answer some of the questions
encountered during this simulation, and to isolate the suspected
sources of contaminants.
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XII. RECOMMENDATIONS
The above conclusions have suggested the following recommendations:
(1) The tests should be repeated by installing additional instrumenta-
tion such as heaters and thermocouples on the sun shield. This
would permit a thermal control of the sun shield.
(2) The conductive heat leak from the cooler to the Molsink wall
could be intercepted by simply wrapping a strip heater with a
thermocouple around the cooler Instrumentation wiring. This
would provide controllable opposing temperature gradients.
(3; The cooler should be provided with more powerful heaters to
reach 300 K in a short period of time. This would reduce the
warming-cooling cycle duration and would possibly evaporate
the less volatile contaminants detected during the tests.
(4) The flight sun shield should be provided with thermal sensors
and some form of heater. The modification would avoid the -
possibility of the sun shield running too cold and would discourage
the migration and/or secondary molecular source emission of
contarninants toward the cooler.
(5) The contaminants arrived at the cooler by some yet undeter-
mined phenomenon. Further testing is therefore necessary to
obtain a more realistic estimation of the possibility of experi-
encing the cooler's thermal degradation.
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Table 1. Typical characteristics of Racket Research 0.44-N(0. 1-lbf) thruster (Model MR-74) used in this experiment
Parameter	 Value
s
Steady state thrust level, N (lbf)	 0.44	 (0. 1)
„
	
	 Steady state chamber pressure,	 223.0	 (154.0)
N/cm2 (psia)
Catalyst	 Shell 405, 20-30 mesh
1
Nozzle expansion area ratio	 71
Throat diameter, cm (in.)	 0.0575	 (0.02268)
-	 Injector type
	
Flat face, Rigi.mesh
screen
Steady state Isp , N-s/Kg	 2075.0	 (212.0)
-'+	 (lbf-s/lbm)
i^
t
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1Table 2. Typical characteristics of Moog in-line solenoid
valve (P/N 010-58723-1) used in this °xperiment
Parameter	 Value
Operating voltage, V do
	 28.o
Pull-in voltage, V do	 10.5
Drop-out voltage do	 4.2
Opening response, ms	 3.5
Closing response, ms	 2.7
Internal leakage at 400 psig,
standard cm3 He/s	 4.2 X 10-9
Coil resistance, S2
	
110.0
l
j
Lt
^I
I1
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Table 3. Nominal temperatures of heaters
,i
I
System	 Temperature, °C
20 - 30
20-30
20 - 30
150
20-30
3
Fuel lines
Resistor jet
a
.	 I
Solenoid valve
a
Catalytic bed
i
Thruster capillary inlet tube
:-rousing heaters
w
32	 JPL Technical Memorandum 33-592
Table 4. Frequency mass equivalence
Fc
 = 5 Mz (approximate resonance frequency
of single crystal)
Gas	 X
it
1
".
	
	 H2N2
'I
i
NH3
GO 
H2O
d
ij
{	 N2H4
i{{!
1 Hz equals X molecular layers.
4
0.52
1.21
0.50
1.23
2.80
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Fig. 17b. Photograph of a complete QCM mounted on the first-stage
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Fig. 18. General overview of the tested assembly
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IR HOUSING HEATERS
Fig. 20a. Mock-up of satellite segment to be assembled with thruster
and cooler ( front view)
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%Fig. 20b. Mock-up of satellite segment to be assembled with thruster
and cooler (rear view)
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IFig. 20c. Details of the ceramic heater and thermocouple installation for
thermal control of the cooler housing
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Fig, 21a. Assembled packag (side vie%ti )
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Fig. 21b. A ssembled package (front view)
56	
JPL Technical Memorandum 33-592
Fib'. 22a. As,—,—, ibled p,tckago (rear view)
JPL Technical Memorandum 33-592	 57
s
An#:
r orb
I'ig. L?b. Radiant cooler installation (rear view)
58	 JPL Technical M emorandum 33-597.
wIw
TIME, h
Fig. 23, Radiant cooler temperature variations,
August 12, 1972
COOLER HEATERS O'F
START OF He REFRIGERATION
HOU	 MOLSINKSING AT 275 K	 WALLS AT
10K
290
-- A CONE
-- B CONE
COLD PATCH
V
LL;	
\\
210
170	 \
130	 I	 I	 I	 ^
0	 8	 16	 24	 8
TIME, h
Fig. 24, Radiant cooler temperature variations,
August 1 7r, 1972r
JPL Technical Memorandum 33-592 59
;morandum 33-592
q
1
MOLSNNK WALLS AT 10 K
- - A CONE
-^ A COfir
WALLS AT 10 Y,
-I
 `--_1_
 7100
-- QCM I
— QCM 3
-- QCM5
rk 1A	 ^ 95
N Z
	
a 
450	
I I	 11	 Y	
90	 r
it
	
400	 85
	
350 1 	 1 1	 1	 1	 1 80
0	 8	 16	 24	 8
TIME, h
Fig. 26a. Frequency variation of sun shield QCMs,
August 14, 1972
r MOLSINK WALLS AT 10 K
-- QCM 2
^- QCM 4
QCM 6 NOT SHOWN
_N
Q
I ^J
I	
JI/
0	 8	 16	 24	 8
TIME, h
Fig. 26b. Frequency variation of radiant
cooler QCMs, August 14, 1972
JPL Technical Memorandum 33-592 	 61
GN2 AND AIR EVACUATION
ENGINE PRIMING AND
TESTING
PROPULSION SYSTEMS
SHUT OFF
------ -- 
_—^^
-- A CONE
150
	
B CONE
—^ COLD PATCH
°d
B 140
i
f
w
ti
130
'-f%
0	 B	 16	 24	 8
TIME, h
Fig. 27. Radiant cooler temperature
variations, August 15, 1972
62	 JPL 'Technical Memorandum 33-592
YQ
Y
ZE
12
QCM 1
410	
.-^ QCM 3
-- QCM 5
390 1 	 1	 1 1	 1	 I E
0	 8	 16	 24	 8
TIME, h
Fig. 2$, Frequency variation of sun shieldQCMs, August 15, 1972
790 PULSES
TIME, h
Fig. 29. Radiant cooler temperature
variations, August 16, 1972
JPL Technical Memorandum 33-592
i
GN2
 AND AIR EVACUATION
L— ENGINE  PRIMING AND TESTING
	
+I	 + PROPULSION SYSTEMS SHUT OFF
470	
-- 120
450	 \ ^-	 15
= vv
	 I	 1	 /	 z
'^ O 430 j	 //	 10	 n
	
I	 /
	
I	 i
Imo,.:..
A
I/
i`
1
j^
I	 ^'
63
^l
i
S }^
Q v
QCM I
	
300	 QCM 3	 I ^- ^r^` 5
- QCM 5
I	 ^
I ^
1V
L
	
250	 0
	
0	 0	 16	 24	 6
TIME, h
Fig. 30a. Frequency variation of sun shieldQCMs, August 16, 1972
790 PULSES
A
B
Q
n
V^
O
II
^u
i
A
i
I
i
790 PULSES
r
mu	 }
r	 ^
so
OOF QCM 2
50f-
01	 1	 1
0	 8	 16
TIME, h
Fig. 30b. Frequency variation of radiant
cooler QCM 2, August 16, 1972
64	 JPL Technical Memorandum 33-592
1i
s
0 ^^t
{
200
	
105
	 156	 252	 PULSES
180 
	
- f'^`1 I r
	
^	
`T
-- A CON4
	
h\
8 CONE
-- 
COLD OAl'?N
	
^"	 160	 ^^
Y
140
	 I	 \
a
120	 I	 \ \
HYDROGEN
AVALANCHE
TIME, h
Fig, 31, Radiant cooler temperature varia-
tions, August 17, 197Z
JPL Technical Memorandum 33-59Z 	 65
MN Z2 Q
dV^
8
66
TIME, h
Fig. 32a. Frequency variation of sun shieldQCMs, August 17, 1972
200	 105	 156	 252	 PULSES
	
2001	 120
---QCM2
—^ QCM 4	 II \
OCM 6	 II
	
I50 
	
15
z a
	
,\\	 H
-+	 100	 `	 10 V
	
50 	 5
HYDROGEN	 \\
AVALANCHE
	 \
1	 \
	
0 	 0
	
0	 0	 16	 24	 0
TIME, h
Fig. 32b. Frequency variation of radiant
cooler QCMs, August 17, 1972
JPL Technical Memorandum 33-592
:9%V
,V
I
Co"O'
I PULSE	 HEEk5ON
EVERY  niin1	
CrO124	 432	 124  
-- ALONE
-- B CONE	 \`
COLD PATCH	 /	 \
160 ^	 /
?	 I
140	 i	 ^\
	
IG01	 _	 I	 I I
	
0	 B	 16	 24	 B
TIME, 6
Fig. 33, Radiant cooler temperature varia-
tions, August 18, 1972
JPL Tec hnical'J Memo rai-sdum 33-592
Jq
67
IW
w y
HzVO2 U /vs0
E
wN p
l^ } r
d^
^w N P b
I	 I
1	 +I
N/ ^i ' q
J
$4 Co
N O a
N
I O pOp
1	 og r	 wI 1	 0 4 .y w	 M11 N
^	 UI
ra
I L---'I O k
I I ^ H
/ m	 H O
W V
I1
/ M
o	 Ob
g
^i
68
N	 ^
m U
a
^v
.y
N
WO
Li OOO
' r.y
U
NL+
d .0
M
y N^^1 01 :3t
O O
I ' /W	 I
I
O
^ls ^
00	 ;^
ki
JPL Technical Memorandum 32;r-^ t 2
*H '!IV
C woo
e
Vx0
(` I
I
I
I
'E	 I
Wi N N	 I
.- w
I	
p
SONY I+WJO
,H 1! IV
su -r o 0 o
z
w^
a^^
0
J
v+
I	 m	 iI
I	 I	 m
a>
ry	
N N
N n
v ^
	
I	 Q'^
	
'	 s Y T
a w N N
	
/	 .. 1 ^ Y
0/	 U p
(d
//	 w mo
M
M
'38nIV93dWR
	
W
JPL Technical Memorandum 33-592
	 69
YH ,'jv
5
w v r
urz7
^ ^ U U U
I
yp/ I
^w
owII
IIII
	
{I	 I	 "III
	
I	 I
I
I
'	 I
	
i	 .II
w
U' FU
7 Y
z
O
x
k w
C
C wxy
eti
M
ro^
H fT
.ti
w	 O N0 U
^ 01D
M
E N w
^ w, ; N
y' U
U cc
v 0O
44 u
A
M
e	 h0
N
'10
U
T
u
N	 ^
q
N	 !	 i
0
0O
N a,
U^
ad^m
w^
S ONV I Mon
	 ND	 i.iH ,iIV	
W
I
JPL Technical Memorandum 23-592
i,
i .'^ rdPzz
^
^^	
/
i v
W .'	 r S
Z	 Ili I\ 1
to N
y >
	 u Q \ yr
W ^8 n Q.
o -m`
azo
yC)^ N 
M
^y6'
!^ u \ `^ ~W W W
O S
S x
W
N^y
O t/y]
z x x o O
z
a ®
y^ ^Q
z z
°
O 00
u
pp wp8i 0 6 ° o6 m v
h o
rN O O O 1	 I	 I m ..
a m U	 o W I d0
ti
I
M
8	 S{	 S 00
N 'UnIV03dWR
.H
JPL Technical Memorandum 33-592	
71
O
z
a
Os ^ O
zz	 SS
yC U
w °
6a oUz
z m a j3 v 12 O
z k: k 0
Z x x^ a
~ OO 0 O
V V i O O
Q m U a w
i
i
a
o	
s WDO
1	 ry	 m	 Oa	 e	 ci	 r4.
,H ''w
a N
fd T
cd ,Ho
W N
Od
C H
O O
.H
 7
N
> N
yU
^a
N H
O' Qa
v ti
14 O
W U
00
CO
M
bll
•N
^i
N
Ua
ro
v
.r.
m
q
qN
WO
a
z 0
N
ro^
u
CU. N
CI O
W d0
44 Qi
OD
fd
M
^I
morandum 3!,-542
i
i
1	 ^
a
o 012 0
boo
O Z
U	 LLC O
s
l7
Z =
O ZW 6
Z oO
00U	 OQ m U
ill
^
m	 1
ro
•H
ro
N
1 ^roNM ^
O
U 7
^ ro c
/ ^ M$
12
o
W
N '3llf1IVUW43i
•M
r4
M1
t
7PL Technical. Memorandum 33-592 	
73
ewoo
i	 m	 U
N	 i	 it
z	 a
o	 `	 ^
1	 N	 q
1
1	 1	 N
O
`	
0
`	 2 Q
1	 `	 b LL
^- 
_ 
_	
____ 
---------^
	
^	 ro NS
\\^	 m m
N
^
VFf	 ^^`%	 (OD
1 a Yi	 / /	 W	
C to/	 a to
N
g 
^	
o	 ro
m	 S	 o	 O
S GNV C SWDO
	
-	
pp
H ..10
Y
zO LL^o
w z z
i O
W LuO Z
WO )
_N
V
z
00
x
g
u	 \	 \
an
N	 f	 1	 roa
v 
\	 \	 v	 y,^ N
I	 o^
^' N
1	 I	 ^ 7
bJD
N
^^^^ ^^- .r-
	^6 ui
	
ro N
i	 ^	 ^♦ 	 U
y	 $a
I	 ^'^	 ^$
a
za
t O
z z oj O G
o C ^.
o wU ? a
J
Z L^
0
xx
74
	
JPL Technical Memorandum 33-592
3`'It
.F,
m 1
w
H
rtl
v
N
^ NH nv^
f H
.y N
O O
U to
o	
^ V1
b G
A O
a :^
e^
w
A
JPL Technical Memorandum 33-592
v
75
i.+ N
N D`N ti
ro
FNi N
N	 O y
7
a+ p
N ^
Y ^y
>,o
as
O H
W 0m	 H O
W U
NW
o ^
W
1 ,
	
o	 `,
	
w	 ^\
	z 	 \\\
	
O	 \
W
	
O U
	
\\
	
Z	 \
v V
	
\
O ^ O	 \
I	 ^	 \
=H '4v
eVOO
5 ONV 1 swoo
2H .1 IV
N
s	 ^
U
a
b
v
x
N
0
W
O
C
1 O
.M
m a`
U N
U N
C
v ^,
Q 'y
14 :1
(s{ -:4
ro
N
W
DO
41
76	 JPL Technical Memorandum 33-592
w r
O O
r 
0 0
ro It
r
U N
U) o
cJ w
N yl
a N
U O
M N
W
•w b v
Y d 4J
.N X
U N N
4 0 rm d
^ V1 y'rlN
3
y ^ dl
g o `^'
nz
z
JI 'avmVH3dW31
Iro
N
rd
0
N
O
r+
N N
N
CNG eti
S 'N m
N N
O O
O to
U p
r^
•N 0
10r
roo
a :^
m
W
00
..I
L*.I
JPL Technical Memorandum 33-592
	 77
NASA—JPL—Ceml., L.A.. Cnlif.
